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Seven  extruded  billets  and  two  of  four  ingot  sections  were 
successfully  impact  forged  to  sheet  bar  and  evaluated.  Bach 
of  the  nine  sheet  bar  was  cut  into  four  sections  and  these 
were  rolled  to  ^125^  intermediate  gauge  at  temperatures  from 
2o6o*^R^to  3200^.  A  total  of  29  pieces  of  intermediate  gauge 
strip  were  produced  and  partially  evaluated  for  soundness  and 
evidence  of  contamination.^  The  Phase  III  program  has  been 
completed  while  completion\>^Q.  125^  mold  but  evaluation  and 
pack  rolling  studies  remain  \n  the  Phase  IV  program. 
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FORIWORD 


This  Interim  Technical  Progress  Report  covers  work  performed 
under  Contract  AF33(657)^8495  from  15  August  1962  to  15 
January  1963.  It  is  published  for  technical  information  only 
and  does  not  necessarily  represent  the  recommendations, 
conclusions,  or  approval  of  the  Air  Force. 

Hiis  contract  with  the  Refractomet  Division  of  Universal  “^Cyclops 
Steel  Corporation,  Bridgeville,  Pennsylvania  was  initiated  under 
ASC  Aeronautical  System  Division,  Project  7^786,  "InPab  Processing 
of  TZM  Sheet."  It  was  administered  under  the  direction  of  Mr, 

Hugh  L.  Black,  Project  Engineer,  Basic  Industry  Branch,  Manu^ 
facturing  Technology  Laboratory,  Wright-Patterson  Air  Force  Base, 
Ohio.  F.  R,  Cortes  of  the  Development  Group,  Refractomet 
Division,  Universal^Cyclops  Steel  Corporation  was  the  engineer  in 
charge . 

Since  the  nature  of  this  Work  is  of  interest  to  so  many  fields  of 
endeavor,  your  comments  are  solicited  as  to  the  potential  utilize^ 
tion  of  the  material  produced  under  this  contract.  In  this  mannerj 
it  is  felt  that  a  full  realization  of  the  resultant  material  pro-^ 
duced  will  be  accomplished. 
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I ^ I n  t  r  oduc t ion 

This  program  was  designed  to  evaluate  the  potential  of  the 
InPab  facility  for  the  production  of  TZM  alloy  sheet*  The  eval^ 
uation  consists  of  the  following  six  phase  program: 
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Phase  I 
Phase  II 
Phase  III 
Phase  IV 
Phase  V 


Literature  Survey 
Ingot  Production  and  Evaluation 
Production  of  Sheet  Bar 
Intermediate  Breakdown 
Production  of  Evaluation  Sheets 


Phase  VI  Production  of  Sheets  by  Best  Techniques  Developed 


During  the  last  report  period  Phase  111  was  completed  and 
the  Phase  IV  program  was  begun.  This  report  covers  all  the  re¬ 
quirements  of  the  Phase  111  program  and  work  to  date  on  Phase  IV. 
The  Phase  IV  rolling  program  was  followed  as  previously  outlined 
except  for  a  reduction  in  the  rolling  temperature  range  from 
2400®F.-3850®F.  to  2000®P. -3200®F . 


Evaluation  of  Phase  IV  intermediate  gauge  is  nearing  com¬ 
pletion  and  will  allow  choice  of  Phase  V  sheet  rolling  variables 
prior  to  resumption  of  InFab  operations  in  March.  At  that  time 
pack  rolling  evaluation  will  be  initiated  which  will  complete 
the  Phase  IV  program. 

II.  Phase  III  ”  Sheet  Bar  Forging  and  Evaluation 

A,  Forging  of  Extruded  and  Cast  Billets 

Eleven  forging  billets,  7  extruded  and  4  as-cast,  were 
forged  according  to  the  modified  Phase  III  forging 
schedule  Pigure  I,  and  the  detailed  forging  parameters 
are  listed  in  Table  I.  Prior  to  preparing  extruded 
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forging  billets,  the  extrusions  had  been  hydrogen  annealed 
one  hour  at  2800°P.  Since  this  did  not  produce  a  fully 
recrystallized  structure,  extruded  billets  (1098B-3  and 
1098B‘^4),  which  were  scheduled  for  forging  below  3200°F., 
were  given  a  ten  minute  anneal  at  2950 °F.  in  the  InPab 
forge  furnace  prior  to  forging  to  effect  full  recrystal* 
lization. 

Initial  breakdown  of  cast  billets  to  approximately 
3^3/4"  diameter  was  accomplished  by  V^die  forging,  providing 
a  working  stress  distribution  which  minimized  the  possibil¬ 
ity  of  center  burst.  Pinal  forging  was  then  performed  with 
flat  faced  dies.  Extruded  billets  were  forged  to  both 
intermediate  3-3/4"  square  and  final  1-1/2"  sheet  bar  on 
flat  faced  forging  dies.  For  billets  scheduled  for  forging 
entirely  at  one  temperature,  Figure  1,  the  minimum 
temperature  in  both  the  intermediate  and  final  forging 
operations  were  maintained  at  from  200 °F.  to  300 °F.  below 
the  starting  temperature.  For  billets  scheduled  for 
forging  over  a  broad  temperature  range,  the  initial  forging 
to  intermediate  size  was  begun  at  the  temperatures  shown  in 
Figure  1  while  the  finish  forging  operation  was  initiated 
at  the  minimum  temperatures  shown  and  allowed  to  drop  another 
300°F,  to  400°F.  Ihe  actual  forging  temperatures  listed  in 
Table  1  were  for  the  most  part  in  good  agreement  with  the 
aims . 


Forging  of  the  seven  extruded  billets  presented  no  major 
difficulties.  However,  the  material  was  noticeably  tougher 
to  forge  than  lower  carbon  TZM  previously  forged  on  Contract 
NOas  59*6142=c.  Hie  seven  billets  were  forged  to  a  sheet 


_4, 


f 


Sr 


bar  cross-section  of  about  4”  x  1-1/2"  representing  re¬ 
ductions  of  from  50  to  58%.  Figure  2  Shows  a  typical 
Sheet  bar  produced  from  extruded  billet  after  having 
been  cut  into  sections  for  evaluation  and  rolling. 

As  expected^  the  four  cast  billets  were  much  less 
fabrieable  than  extruded  billets  and  the  lowest  initial 
fofging  temperature  proved  most  detrimental.  Billet 
1099D  forged  at  2700°F.,  Figure  3  showed  severe  surface 
cracks  after  the  first  forging  blow  and  as  forging 
continued  the  piece  was  destroyed  by  center  burst.  This 
failure  was  intergranular  and  is  attributable  to  the 
continuous  boundary  carbides  in  the  cast  structure* 
Forging  of  Billet  1099B,  3850°F.  start  and  a  3400°F. 
minimum,  preceded  fairly  well  to  intermediate  round 
except  for  a  5"  section  which  broke  off  the  bottom  of 
the  billet.  However  on  finish  forging  with  flat  dies, 
severe  edge  splitting  penetrated  to  the  center  of  the 
sheet  bar.  Figure  4.  This  failure  is  attributed  to  the 
fact  that  the  intermediate  hot  forged  3-3/4"  did  not 
differ  much  from  a  cast  structure  and  since  final  forging 
on  flat  dies  above  3300°F.  did  not  transmit  any  cold  work 
to  the  piece  or  allow  carbides  to  move  out  of  the  grain 
boundaries,  slight  edge  cracking  was  easily  propagated 
with  continued  forging. 

Billets  1099A  and  1099C,  hot  forged  to  intermediate  size 
at  3850°F.  but  finished  at  temperatures  below  2800°F., 
forged  with  minor  difficulties.  Figures  5  and  6,  but 
sufficient  material  was  produced  for  rolling  in  Phase  IV, 
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FIGURE  2  -  SHEET  BAR  FORGED  FROM  4"  DIAMEIER  EXTRUSION  BILLET 


FIGURE  4  -  AS-CAST  BILLET  1099B  FORGED  BETWEENi  3870®F.  AND  3300°F 


FIGURE  5  -  AS-CAST  BILLET  1099C  FORGED  BETWEEN  3850 °F,  AND  2770i°F. 


A  6”  piece  was  severed  off  of  Billet  1099C  in  the  initial 
forging  operation  and  minor  edge  or  side  cracks  occurred 
in  final  forging,  of  the  as-cast  billets,  1099A  finished 
to  the  best  appearance.  Figure  6,  as  not  even  minor  edge 
cracks  occurred  in  final  forging  at  temperatures  as  low  as 
2400®F.  However,  the  sheet  bar  did  sever  from  the  holder 
bar  section  before  final  thickness  was  obtained^ 

Sheet  Bar  Quality 

1.  Ultrasonic  Inspection 

No  defects  were  found  in  as-forged  sheet  bar  by 
ultrasonic  inspection  techniques.  Cracks  appearing  in 
the  macro  of  sheet  bar  1098B3,  Figure  9,  apparently 
occurred  during  preparation  of  the  macro  as  no  sonic 
indication  was  found  in  the  Sheet  bar  and  little 
difficulty  was  encountered  rolling  sections  from  this 
sheet  bar. 


2.  Macrostructures 

Transverse  slices  for  macrostructural  examination  were 
cut  from  the  center  of  each  sheet  bar.  Hardnesses  were 
taken  on  three  slices  at  edge  and  center  locations 
and  specimens  for  heat  treatment  response  were  cut 
from  the  center  of  each  slice. 

Macros  of  the  three  extruded  billets  forged  at  3850°F. 
and  finished  at  progressively  lower  temperatures  are 
shown  in  Figure  7.  Billet  1098A-1  exhibits  a  fully 
hot  forged  structure  with  a  coarse  grain  diameter 
(>ASTM  l)  varying  from  about  .3  to  .7  mm.  Billets 
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1098A2  and  1098A3  developed  the  same  hot  forged 
grain  size  during  the  initial  hot  forging  but 
finish  forging  at  progressively  lower  temperatures 
increased  grain  size  and  transmitted  increasing 
amounts  of  hot  cold  work  as  evident  in  the  macros. 


The  macro  of  extruded  Billet  1098B1,  forged  entirely 
at  3200°F.,  reveals  a  very  uniform  hot  forged 
structure  with  a  grain  size  of  about  ASTM  2.5^  Figure  8, 

Macros  of  Billets  1098B2^  B3  and  B4,  forged  at  3200°F., 
2700°F.  and  2300°F.  respectively,  exhibit  non-uniformly 
wrought  structures,  Figure  9.  Billet  1098B4  appeared 
more  heavily  worked  than  the  other  two  and  somewhat 
more  uniform. 


Macros  of  sheet  bar  forged  from  as-cast  Billets  1099A 
and  1099C  are  shown  in  Figure  10.  It  is  evident  that 
the  cast  billets  result  in  the  more  coarse  sheet  bar 
structures.  In  addition,  a  contaminated  surface  is 
revealed  in  the  macro  of  these  two  sheet  bars. 


3.  Microstructures 

Microstructures  of  sheet  bar,  Figures  11  through  15, 
were  taken  to  reveal  the  type  of  surface  contamination 
rather  than  the  typical  as-forged  structure.  However, 
the  structures  shown  are  fairly  typical  of  the  whole 
sheet  bar  except  for  Billets  1098A2  (Figure  11)  and 
1098B3  (Figure  13)  which  exhibited  more  heavily  worked 
centers . 
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FIGURl  8 


MACR(^1RUCTUR1  OP  SHUT  BAR  PQRGIP 


PROM  4”  EXTRUSION  AT  3200 “P, 
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ICDTZM  1098B2 


KDTZM  1098B3 


KDTZM  1098B4 


FIGURl  9  -  MACROSTRUCTURl  OF  SHEET  BAR  HOT-COLD 
FORGED  FROM  4"  DIAMETER  RECRYSTALLIZED  EXTRUSION 


PIGURl  10  »  MACROSTRUCTORl  OF  SHEET  BARS  HOT 
FORGED  FROM  6"  DIAMETER  INGOT  SECTIONS 


R12666  SURFACE  AT  MIDDLE  OP  S.B.  200X 

1098A2  FORGED  AT  3720 ^F.  START,  FINISHED  AT  2770 ‘^P, 


FIGURE  11  -  MICROSTRUCTURES  OP  SHEET  BAR  HOT  FORGED 
FROM  4"  DIAMEHR  EXTRUSION 


-17- 


R12667  SURPACJE  AT  MIDDLl  OP  S.B.  200X 

1098A3  PORGED  AT  3810 °P.  START,  PlNlSiffiD  AT  2350®P. 


Ri2668  SURFACI  AT  EDGE  OF  S.B.  200X 

1098B1  FORGED  AT  3200^F.  START,  FINISHED  AT  2950®F. 


FIGURE  12  -  MICROSTRUCTURE  OF  SHEET  BAR  HOT  FORGED 
FROM  4"  DIAMETER  EXTRUSION 
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R12669  SURFACE  AT  MIDDLE  OF  S.B.  200X 

1098B2  FORGED  AT  3120 °F.  START,  FINISHED  AT  2300 ®F. 


Ri2670  SURFACE  AT  MIDDLE  OF  S.B.  200X 

1098B3  FORGED  AT  2600 ^P.  START,  PINISFffiD  AT  2310 *P, 


FIGURE  13  -  MICRQSIRUCTURE  OP  SHEET  BAR  HOT-COLD 
FORGED  FROM  4"  DIAMETER  EXIRUSION 


R12672  SURFACE  AT  MIDDLE  OP  S,B. 

1098B4  FORGED  AT  2320 ®P.  START,  FINISHED 


200X 

AT  19S0^F. 


!  FIGURE  14  ^  MICROSIRUCTURE  OF  SHEET  BAR  HOT^COLD 

I  FORGED  FROM  4"  DIAMETER  EXTRUSION 
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Contamination 

Contamination  in  molybdenum  alloys  hot  worked  in 
air  has  been  detected  metallographicaily  by  a 
difference  in  recrystallization  temperatures 
between  the  contaminated  layer  and  the  base  metal i 
Interstitial  contamination  in  air  has  been  found 
to  increase  recrystallization  temperature  resulting 
in  wrought  Surface  layers  on  recrystallized  or  hot 
worked  structures ^  In  recent  work  on  the  Navy's 
Molybdenum  Sheet  Rolling  Program  as  well  as  in  this 
work^  iron  contamination  has  been  evident  in  InPab 
during  fabrication  at  temperatures  much  above  the 
melting  point  of  the  forging  dies  and  roll  surfaces* 
The  form  taken  by  this  iron  contamination  has  not 
been  conclusively  determined.  However  where  surface 
iron  is  found  to  be  high,  a  second  type  of  Surface 
layer  has  been  noted,  consisting  of  a  fine 
recrystallized  structure  with  a  dark  etching  con¬ 
stituent  primarily  in  the  boundaries.  Vtfhen  both 
types  of  surface  layers  occur  together,  the  wrought 
layer  is  generally  found  beneath  the  recrystallized 
surface. 


Figures  11  through  15  show  that  recrystallized 
surface  layers  appear  on  all  as-forged  sheet  bar 
except  the  two,  1098B3  and  1098B4,  forged  at  the 
lowest  temperatures.  The  recrystallized  layers, 
on  the  sheet  bars  forged  from  cast  billets.  Figure 
15,  are  particularly  coarse  and  contain  a  second 
phase  both  at  the  boundaries  and  in  the  matrix. 


As  yet,  this  phase  is  unidentified.  Wrought 
layers  are  evident  on  sheet  bars  1098B1,  B2,  B3 
and  both  sheet  bars  1099A  and  1099C  forged  from 
cast  billet.  It  is  impossible,  however,  to 
determine  accurate  contamination  depths  metallo^ 
graphically  since  contamination  can  be  present 
below  the  visibly  affected  surface  layers.  For 
example,  Billet  1098A1,  Figure  11,  exhibits  a  light 
recrystallized  layer  but  no  wrought  layer  since  the 
very  high  forging  temperature  of  3810°F.  was 
sufficient  to  offset  any  increase  in  recrystalliza^ 
tion  temperature  caused  by  interstitial  contamina-^ 
tion.  Furthermore,  the  recrystallized  layer, 
attributed  to  iron  contamination,  exhibits  relatively 
coarse  grains  compared  to  similair  layers  on  sheet 
bar  forged  at  lower  temperatures  such  1098A3  and 
1098B1,  Figure  12. 

b.  Carbide  Distribution 

Carbide  distribution  in  as'^forged  sheet  bar 
showed  significant  variation  with  forging  practice 
as  the  following  table  describes.  Magnifications 
of  at  least  SOOX  were  required  to  determine  the 
carbide  morphology. 


Forging 

Temperature 

Sheet  Bar 

Start 

Finish 

Carbide  Distribution 

Extruded 

1098A1 

3810 °P. 

3350°F. 

Fine  Carbides  in  Matrix 

& 

Boundaries 

1098A2 

3720°F. 

2770 °F. 

Fine  Carbides  in  Matrix 
Carbide  Stringers 

& 

Boundaries 

& 

1Q98A3 

3810 ^F. 

2350®F. 

Fine  Carbides  in  Matrix 

& 

Boundaries 

& 

Carbide  Stringers 


Sheet  Bar 

Start 

Finish 

Carbide  Distribution 

1098B1 

3200°F. 

2950 ®F. 

Continuous  Carbide  at  Boundaries— 

Matrix  Clean 

1098B2 

3120 °F. 

2300 °F. 

Very  Fine  Carbides  in  Matrix 

1098B3 

2600 ®P. 

2310®F. 

Pew  Carbides  Evident  in  Worked  Structure 

1098B4 

2320°F. 

1950 °F. 

Few  Carbides  Evident  in  Worked  Structure 

Cast 

1099A 

3870 °F. 

3300 °F. 

Continuous  Boundary  Carbide— Some  Gross 
Carbides 

1099G 

3850 °F. 

2770 ®F. 

Continuous  Boundary  Carbide— Some  Gross 
Carbides  and  Carbide  Stringers 

Sheet  Bar  1098B1,  which  was  hot  forged  in  a 
narrow  temperature  range  at  around  3200°F., 
exhibited  only  boundary  carbides.  Maintaining 
3200 °F.  until  forging  was  complete  prevented 
precipitation  of  titanium  carbide  (TiC)  and  only 
molybdenum  carbide  (M02O  formed  at  temperature  was 
evident  at  the  boundaries.  Extruded  and  cast  billets 
hot  forged  at  3700°F.  to  3800°F.  but  finished  at 
temperatures  in  the  range  from  2300 °F.  to  3100 ®F. 
exhibited  both  boundary  and  matrix  carbides. 

Reheats  in  this  temperature  range  provided  the 
opportunity  for  matrix  precipitation  which  remained 
fine  during  the  finish  forging.  Gross  molybdenum 
carbides  and  carbide  stringers  were  also  present 
in  sheet  bar  forged  from  cast  billets  since  initial 
forging  temperatures  were  in  the  stability  range 
for  M02C,  thus  maintaining  the  coarse  carbides  from 
the  ingot,  Ihe  stringers  result  from  gross 
carbides  in  the  ingot  boundaries.  Carbides  in 
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Billets  1098B2,  B3  and  B4  were  very  fine  due  to  the 
very  low  forging  temperatures  and  heavy  cold  re¬ 
ductions.  A  greater  amount  of  TiC  would  be  present 
in  these  billets. 

4.  Hardness 

Vickers  hardness  (lO  kg  load)  was  obtained  on  sheet 
bar  macros  at  six  locations  as  listed  in  Table  II. 


Fully  hot  forged  sheet  bars  1098A1  and  1098B1  exhibit 
the  lowest  average  hardness  levels,  244  and  249 
respectively,  and  as  expected  the  peak  as-forged 
hardness,  288,  occurred  in  Billet  1098B4,  forged  at 
the  lowest  temperature.  A  high  hardness  of  280  was 
also  developed  in  Billet  1098A3  even  though  its 
initial  forging  temperature  was  38lO°F.  This  high 
hardness  is  attributed  to  the  fact  that  only  two  reheats 
were  used  in  forging  this  billet.  The  uniformity  of 
the  macrostructure  of  Billet  1098B1  is  again  confirmed 
by  the  uniformity  of  the  as-forged  hardness  which 
showed  a  variation  with  location  of  only  8  points  from 
245  to  253.  For  the  most  part,  the  hardness  data 
show  good  uniformity  for  forged  sheet  bar  as  a  spread 
of  from  20  to  30  points  is  not  excessive  considering 
the  influence  of  edge  and  surface  cooling  affects. 
Non-uniformity  is  greatest  in  two  of  the  extruded 
billets;  one,  forged  at  the  very  highest  temperature 
(1098Ai)  and  one  forged  at  the  lowest  temperature 
(1098B4). 
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TABLE  II 

Hardness  of  Impact  Forged  TZM  Sheet  Bar 


Forging 

Temperatures  ®F. 


Billet 

Start 

Finish 

Location: 

Edge 

Mid  ^  Rad  < 

Center 

Spread 

Range 

AVg. 

1098A1 

3810 

3350 

Surface 

268 

245 

24? 

Center 

260 

230 

221 

47 

221-268 

244 

1098A2 

3720 

2770 

Surface 

372 

272 

274 

Center 

270 

254 

258 

20 

254274 

267 

1098A3 

3810 

2350 

Surface 

276 

270 

276 

Center 

283 

292 

285 

20 

272292 

280 

1098B1 

3200 

2950 

Surf  ace 

249 

245 

251 

Center 

250 

253 

245 

8 

245253 

249 

1098B2 

3120 

2300 

Surface 

262 

238 

243 

Center 

254 

266 

254 

28 

238266 

253 

1098B3 

2600 

2310 

Surface 

264 

247 

256 

Center 

264 

283 

266 

36 

247-283 

263 

1098B4 

2320 

1950 

Surface 

266 

283 

274 

Center 

274 

302 

322 

56 

266322 

288 

1099A 

3870 

2400 

Surface 

297 

266 

279 

Center 

283 

279 

281 

31 

266297 

281 

10990 

3850 

2770 

Surface 

256 

256 

254 

Center 

281 

268 

260 

27 

254281 

262 

5f  Recrystallization 


The  heat  treatment  response  of  sheet  bar  forged  from 
extruded  and  cast  billets  is  shown  in  Figures  J6  and  17. 

Of  the  two  extruded  and  forged  billets,  1098A1  and  3098B1, 
exhibiting  fully  hot  forged  structures,  the  one 
forged  at  the  lower  temperature,  1098B1  at  3200°F., 
maintained  the  highest  hardness  after  one  hour  at 
temperatures  up  to  300G°F.  The  only  miseonstructur al 
^hange  noted  in  these  two  hot  forged  billets  with  tem*^ 
peratures  up  to  3000 °F.  was  a  change  in  carbide 
morphology^  Above  2800°F^,  fine  carbides  appeared  in 
the  matrix  and  boundary  carbides  become  less  evident 
indicating  conversion  of  molybdenum  carbides  to  the 
more  stable  titanium  caribdes  in  this  temperature 
range. 


Considering  sheet  bar  containing  hot  cold  work, 
billets  1098A2  and  1098A3  exhibit  the  highest  recry- 
stallization  temperatures  since  they  had  been  only 
partially  forged  below  the  true  hot  working  temperature, 
Table  I.  The  hardness  change  with  temperature  of  1 098A3 
follows  that  of  fully  hot  forged  1098B1  very  closely. 
Microstructures  of  both  1 098A2  and  1098A3  exhibited 
only  trace  recrystallization  after  one  hour  at  3000°F, 
The  three  billets  forged  almost  entirely  below  the  hot 
work  range,  1098B2,  B3  and  B4  exhibit  the  greater 
softening  with  temperature  as  recrystallized  hardness 
levels  of  195  to  205  are  reached  at  2900°F.  1098B4, 

in  particular,  softened  most  rapidly  and  was  fully 
recrystallized  at  about  2800 °F, 
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EXTRUDED  S  FORGED  SHEET  BAR 


AS  2500  2600  2700  2800  2900  3000  3100  3200 

FORGED  ANNEALING  TEMPERATURE  (•F) 

FIGURE  17 

EFFECT  OF  ANNEALING  TEMPERATURE  ON  THE  HARDNESS  OF 

CAST  a  FORGED  SHEET  BAR  rta-029i 


Softening  curves  for  sheet  bar  forged  from  cast  billets 
(Figure  17)  again  reveal  the  influence  of  a  larger 


percentage  of  hot  work  than  cold  work  as  recrystallized 
hardness  levels  are  attained  at  annealing  temperatures 
above  3100 


The  following  table  lists  the  temperature  required 
for  50%  recrystallization  in  each  sheet  bar  as 
estimated  by  micros true tural  examination. 


Sheet  Bar 

Ixtruded 

1098A1 

1098A2 

1098A3 

109881 

1098B2 

1098B3 

1098B4 

Cast 

1099A 

1099C 


Temperature  for  50%  Recrystallization 
In  One  Hour  (°F.) 

Hot  Forged 

3150 

3150 

Hot  Forged 

2825 

2800 

2750 


3000 

3150 


III.  Phase  IV  ^  Intermediate  Breakdown  and  Evaluation 

A.  Rolling  of  Sheet  Bar  Sections  to  0.125"  Mold  Out 

According  to  the  modified  Phase  IV  program,  each  sheet  bar 
was  cut  into  four  4"  to  5"  long  sections  for  cross-rolling 
to  intermediate  gauge  at  2000 °F,,  2400 °F,,  2800 °P,  and 
3200 °F.  Prior  to  rolling,  each  section  was  annealed  in 
Inpab  for  ten  minutes  at  2950°  (except  pieces  for  rolling 
at  3200°F.),  and  conditioned  by  belt  grinding  to  remove 
discoloration  or  contamination  incurred  during  forging  or 
annealing. 
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Tables  III  and  IV  list  34  sheet  bar  sections  and  the 
parameters  which  describe  the  rolling  to  the  nominal 
0.125"  mold  out.  Rolling  to  intermediate  gauge  at  2000°F., 
2400 °F.  and  3200°F.  was  accomplished  in  from  9  to  12  passes 
with  one  or  two  passes  per  reheat.  In  each  case  reductions 
of  from  17  to  207b  were  applied  on  the  first  and  second  passes 
and  total  reductions  to  finished  gauge  ranged  from  90  to 
92%.  After  rolling  approximately  three-fourths  of  the 
sheet  bar  sections,  a  mill  bearing  block  was  broken  and 
the  remaining  sheet  bar  sections  for  rolling  at  2800°F. 
were  then  finish  rolled  at  much  lighter  reductions 
requiring  about  25  passes. 

From  the  34  sheet  bar  sections  rolled,  29  pieces  of  mold 
out  were  produced  while  five  sections  ailigatored  on  the 
first  Or  second  pass.  As  shown  in  Tables  III  and  IV,  all 
five  "ailigatored"  sections  were  from  a  sheet  bar  forging 
practice  which  produced  a  hot-worked  or  at  most  a  lightly 
hot-cold  worked  structure.  Furthermore,  three  of  the  five 
failures  were  rolled  at  the  lowest  temperature  2000°F., 
one  at  2400°F.  and  one  at  2800°F.;  therefore,  all  five 
received  a  ten  minute  anneal  at  2950°F.  prior  to  rolling. 
(Only  sheet  bar  rolled  at  3200°F.  were  not  annealed.) 

However,  due  to  the  forging  practice,  these  sections  would 
be  least  affected  by  this  anneal.  Intergranular  failure 
was  evident  in  the  fractures  of  the  "ailigatored"  sections 
indicating  that  the  boundary  carbides  in  the  hot  forged 
sheet  bar  inhibited  low  temperature  f abricability.  At 
higher  temperatures  (3200°F.)  the  carbide  network  at  the 
grain  boundaries  would  tend  to  redistribute  thereby  in¬ 
creasing  f abricability  of  coarse  hot  worked  structures. 

In  future  rolling  of  hot  forged  sheet  bar  at  relatively 
low  temperatures,  use  of  a  longer  time  high  temperature 
anneal,  at  least  one  hour  at  3000 °F.  or  above,  should 
increase  low  temperature  fabricability. 
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B.  Evaluation  of  Intermediate  Gauge 


Figures  18  through  21  show  as^rolled  mold  out  grouped 
according  to  rolling  temperatures.  Close  examination  of 
each  figure  reveals  the  deterioration  of  mold  out  surfaces 
as  rolling  temperature  increased ^  Mold  out  rolled  at  2800 °F. 
(Figure  20)  exhibits  a  very  coarse  surface  and,  in  addition, 
strip  rolled  at  3200°F.  (Figure  21)  exhibits  the  effects  of 
roll  surface  seizing  noted  by  localized  surface  de-lamination. 

1*  Ultrasonic  Inspection 


Ultrasonic  inspection  revealed  up  to  6"  of  unsound  or 
laminated  material  on  the  end  of  some  strips  as  well  as 
up  to  l/2"  of  laminated  material  along  the  Side.  The 
strip  shown  in  Figures  18  through  21  are  chalk  marked  to 
show  the  extent  of  unsound  material.  Also  in  some  cases 
only  short  lengths  of  mold  out  were  produced  since  the 
mold  out  was  cut  in  half  prior  to  finish  rolling  to 
minimize  problems  associated  with  handling  very  long 
narrow  pieces  at  very  high  temperatures  (above  2800®F.). 


2.  Contamination 


Mold  out  samples  in  both  the  as=rolled  and  flash 
annealed  conditions  (five  minutes  @  2800°F.)  were 
examined  for  evidence  of  surface  contamination  and  the 
results  listed  in  Table  V,  Visible  contamination  on 
mold  out  rolled  at  3200°F.  and  2800°F.  was  difficult  to 
measure  because  of  their  very  coarse  or  uneven  surfaces. 
No  worked  layer  was  visible  on  mold  out  rolled  at  3200°P. 


FIGURE  18  =  NOMINAL  0.125”  MOLD  OUT 
PRODUCED  FROM  SHEET  BAR  ROLLED  AT  2000 «F. 


FIGURE  19  =  NOMINAL  0,125"  MOLD  OUT 
PRODUCED  FROM  SHIET  BAR  ROLLED  AT  2400 “F, 


T14 


FIGURE  21  -  nominal  0.125"  MOLD  OUT 
PRODUCED  PR^  SHEET  BAR  ROLLED  AT  3200  ^F. 


TABLE  V 

Visible  Contamination  Depths  in  Nominal 
0.125"  Mold  Out 


Rolling 

Contamination 

Mold  Out 

Temp . 

Rectystallized 

Depths 

Code 

°F. 

Layer 

Wrought  Layer 

T-1 

3200 

Torn  Out 

None 

T-5 

3200 

.004" 

None 

T-9 

3200 

.001"-. 009" 

None 

T-13 

3200 

.001"-. 008" 

None 

T-17 

3200 

Torn  Out 

None 

T-21 

3200 

Up  to  .007" 

None 

T-25 

3200 

.001”+ 

None 

T-6 

2800 

None 

.001"-. 0015" 

T-10 

2800 

.001"-. 002” 

.001" 

T-14 

2800 

.001" 

.001" 

T-18 

2800 

Torn  Out 

-- 

T-22 

2800 

.001"-. 0015" 

.001"-. 0015" 

T-26 

2800 

.001" 

.001" 

T-34 

2800 

.001"-. 0015" 

.001"-. 0015" 

T-38 

2800 

.001"-. 0015” 

.001” 

T-3 

2400 

None  to  .001" 

None 

T-11 

2400 

None  to  .001" 

None  to  .001" 

T-15 

2400 

None 

None 

T-19 

2400 

None 

None 

T-23 

2400 

None 

None  to  .002" 

T-27 

2400 

.0005" 

.0005" 

T-35 

2400 

.0005"-. 001" 

None 

T-39 

2400 

.0005" 

.0015" 

T-8 

2000 

None 

None 

T-12 

2000 

None 

None 

T-20 

2000 

None 

None 

T-24 

2000 

None 

None 

T-28 

2000 

None 

None 

T-40 

2000 

None 

None 
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possibly  because  the  rolling  temperature  was  high 
Enough  to  recrystallize  any  contaminated  area. 
However,  the  fine  recrystallized  surface  layer  (up 
to  .010")  attributed  to  iron  Contamination  would 
contain  any  interstitial  contaminants  present. 

Mold  Out  rolled  at  2800°F.  exhibited  both  a 
recrystallized  surface  layer  of  up  to  .002"  and 
below  this  a  .001"  to  .0015"  thick  wrought  layer. 
Therefore  interstitial  contaminants  penetrated  to 
a  depth  of  as  much  as  .0035".  Mold  out  rolled  at 
2400°P.  and  2000®F.  exhibited  very  little  visual 
evidence  of  surface  contamination. 

Carbon,  oxygen,  nitrogen  and  iron  analyses  are 
being  obtained  on  s’lected  pieces  of  mold  out. 

Table  VI  shows  an  increase  in  iron  content  with 
rolling  temperature  from  about  0.0019%  in  the  ingot 
or  sheet  bar  to  0.006%  to  0.008%  in  mold  out  rolled 
at  3200°P,  Assuming  all  but  .0019%  iron  is  concen¬ 
trated  at  the  surface,  iron  contents  in  the  visible 
surface  layer  can  be  calculated  at  up  to  0.1%. 
Analyses  of  mold  out  rolled  at  2000°F.  and  2400°F. 
failed  to  show  a  significant  increase  in  iron  from 
the  ingot  analysis  of  0.0019%.  Analyses  of  a  .005" 
surface  layer  pickled  from  mold  out  rolled  at 
3400 °F.  on  Navy  Contract  NOas  59-6142-c  showed  an 
iron  content  of  7.5%  indicating  that  a  sharp  in¬ 
crease  in  iron  pick-up  occurs  with  increasing 
rolling  temperatures  above  the  melting  point  of 
roll  material. 
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TABLE  VI 

Effect  of  Rolling  Tfemperature 
Surface  Iron  Content  of  Nomi 
0.125"  Mold  Out 
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These  results  indicate  no  Iron  pick-up 
as  conditioned  sheet  bar  contained 
0,0'0197o  Iron, 


3.  Hardness 


As-rolled  hardnesses  of  all  0.125"  mold  out  are 
plotted  against  temperature  in  Figure  22,  Except 
for  a  few  extreme  values,  the  hardnesses  developed 
at  rolling  temperatures  of  2000 ®F.  and  2400 °F.  ate 
similar,  around  350  to  370  DPH.  The  greatest 
decrease  in  hardness  occurs  with  an  increase  in 
rolling  temperature  from  2400°P.  to  2800°F.  There 
is  considerable  overlap  in  hardness  between  rolling 
temperatures  and  this  is  related  to  sheet  bar 
forging  practice.  Figure  22  shows  that  minimum 
(below  the  average)  hardnesses,  at  rolling  tem= 
peratures  up  to  2800°F.,  occurred  in  mold  out 
rolled  from  heavily  hot-cold  forged  sheet  bar 
while  in  general,  maximum  hardnesses  occurred  in 
mold  Out  rolled  from  sheet  bar  exhibiting  hot 
forged  structures.  This  effect  results  from  the 
short  time  2950®  anneal  prior  to  rolling  which 
recrystallized  and  softened  hot-cold  forged  sheet 
bar  but  had  a  minimal  effect  on  the  structure  of 
hot  worked  or  lightly  hot-cold  worked  sheet  bar. 

Mold  out  rolled  at  3200 ®F.  showed  a  reversed 
effect  as  peak  hardnesses  of  about  300  DPH  were 
developed  from  hot-cold  forged  sheet  bar  while 
minimum  hardnesses  of  about  260  DPH  were  developed 
in  mold  out  rolled  from  true  hot  forged  sheet  bar. 
Since  sheet  bars  rolled  at  3200 °F,  were  not  annealed 
prior  to  rolling,  the  higher  starting  hardness 
level  of  hot’^cold  forged  sheet  bar  was  maintained 
to  finished  mold  out. 
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SHEET^BAR  STRUCTURES 


(QVOn  9X01  «NHA)  SSINQ^VH 
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4.  Evaluation  Remaining 

Mold  out  evaluation  is  still  in  progress,  Recrystal- 
lization  curves  are  being  developed  as  well  as 
longitudinal  and  transverse  tensile  data  on  as-rolled, 
as^rolled  and  conditioned,  and  conditioned  and 
reef ystallized  mold  out.  Surface  chemistry  data  is 
being  obtained  on  sheet  bar  and  mold  out  to  provide 
a  more  quantitative  ffleasure  of  iron  or  interstitial 
contamination^ 

IV.  Purity  of  InFab  Atmosphere 

Steps  have  been  taken  to  improve  the  InFab  atmosphere  and,  in 
fact,  to  replace  the  graphite  susceptor  induction  rolling  mill 
furnace  with  a  resistance  heated,  tungsten  element  furnace  which 
will  eliminate  a  prime  source  of  impurities  for  Phase  V  rolling. 


Results  of  the  effectiveness  of  the  equipment  modifications 
will  be  reported  in  the  next  quarterly  report. 


V.  Summary 


Forging  and  evaluation  of  sheet  bar  has  completed  the  Phase 
XII  program.  Nine  of  eleven  billets  were  successfully  forged  to 
Sheet  bar  and  these  nine  can  be  grouped  according  to  structure 
as  follows; 

(2)  hot  forged  Structures 

(4)  hot  forged  to  lightly  hot-cold  worked  structures 

(3)  hot'Cold  forged  structures 

The  most  uniform,  fine,  hot  forged  structure  was  produced  in 
extruded  billets  forged  entirely  at3000°F.  to  3200 °p.,  however 
carbides  were  found  almost  entirely  at  the  grain  boundaries  in 
this  piece.  Sheet  bar  forged  from  cast  billets  exhibited  the 
most  coarse,  non’^uniform  structures  with  carbides  both  at  the 
boundaries  and  within  the  matrix. 
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Sheet  bar  containing  only  light  hot-cold  work  exhibited 
recrystallization  temperatures  above  3000°F.  while  the  hot-cold 
forged  sheet  bars  all  fully  recrystallized  at  2850°F.  to  2900°F. 

One  hour  anneals  above  2800 °F,  redistributed  the  carbides  in  hot 
forged  sheet  bar  by  reducing  the  boundary  carbide  and  increasing 
the  amount  of  fine  matrix  precipitate ^ 

Twenty-nine  of  34  sheet  bar  sections  were  successfully  rolled 
to  nominal  0»125"  intermediate  gauge.  Sections  which  failed  to 
roll  were  from  hot-forged  sheet  bar  and  exhibited  intergranular 
fractures.  Microstructural  examination  revealed  that  two  types  of 
contamination  could  occur  during  mold  out  rolling.  One  is  at¬ 
tributed  to  iron,  the  other  to  interstitial  impurities.  Quantita¬ 
tive  data  has  been  obtained  showing  an  increase  in  iron  contamina¬ 
tion  with  rolling  temperature,  but  as  yet  the  degree  of  interstitial 
contamination  has  not  been  determined. 


Evaluation  of  intermediate  gauge,  including  chemistry,  hardness, 
recrystallization  and  tensile  data  is  in  progress.  Upon  completion 
of  this  evaluation,  recommendations  as  to  the  forging  and  rolling 
variables,  to  be  used  in  the  production  of  the  Phase  V  evaluation 
sheet,  will  be  made. 
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Midland,  Michigan 

Pirth  Sterling,  Incorporated 
3113  Forbes  Street 
Pittsburgh  30,  Pennsylvania 
Attn:  Dr.  C.  H.  Toensing 

General  Electric  Company 
Attn:  Mr.  Louis  P.  Jahnke 
Manager,  Metallurgical  Engineering 
Applied  Research  Operations  - 
Propulsion  Laboratory 
Aircraft  Gas  Turbine  Department 
Evendale,  Ohio 

Grumman  Aircraft  Engineering  Corp. 
Manufacturing  Engineering 
Attn:  Mr.  William  J.  Hoffman 
.  Vice  President 

Bethpage,  Long  Island,  New  York 

Aerojet  General  Corporation 
Attn:  Mr.  Alan  V.  Levy,  Head 
Materials  Research  and  Development 
Solid  Rocket  Plant 
P.  0.  Box  1947 
Sacramento,  California 

Ladish  Company 
Attn;  Mr.  R.  T.  Daykin 
5400  Packard  Avenue 
Cudahy,  Wisconsin 
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Lockheed  Aircraft  Corporation 
Attn:  Mr.  H.  Caldwell,  Manager 
Manufacturing 
P,  0,  Box  ,511 
Burbank,  California 

Lockheed  Aircraft  Corporation 
Attn:  Mr.  Roger  A.  Perkins 

Metallurgical  and  Ceramic  ! 
Missile  and  Space  Division 
3251  Hanover  Street 
Palo  Alto,  California 

Lockheed  Aircraft  Corporation 
Attn:  Mr.  H.  Fletcher  Brown 
Manufacturing  Manager 
Marietta,  Georgia 

Lockheed  Aircraft  Corporation 
Van  Nuys,  California 

.Lockheed  Aircraft  Corporation 
Missile  Systems  Division 
Attn:  Mr,  Clayton  C)„  Matthews 
Sunnyvale,,  California 


The  Martin  Company 
Denver  Division 
Attn:  Mr.  R,  P.  Breyer, 

Materials  Engineering 
Mail  No.  L-8 
Denver  1,  Colorado 

Materials  Advisory  Board 
Attn:  Dr,  vJoseph  Lane 
2101  Constitution  Avenue 
Washington  25,  D.  C. 

McDonnell  Aircraft  Corporation 
Attn:  Mr.  A.  P.  Hartwig, 

Chief  Industrial  Engineer 
P.  O.  Box  516 

Lambert  St.  Louis  Municipal  Airport 
St.  Louis  3,  Missouri 

National  Aeronautics  and  Space 
Administration 
21000  Brookpark  Road 
Cleveland  35,  Ohio 
Attn;  Mr,  G,  Vervin  Ault,  Assistant 

Chief,  Materials  and  Structures 
Division,  Lewis  Research  Center 


Lycoming  Divis.ion 

AVCO  Manufacturing  Corporation 

Attn:  Mr.  W.  A.  Panke,  Superintendent 

Manufacturing  Engineer 

Stratford,  Connecticut 


Navy  Department 
Industrial  Planning  Division 
Attn:  3.  G,  Gleason 
Washington  25,  D.  C. 


Marquardt  Aircraft  Company 
Attn:  Mr.  John  S.  Liefeld 

Director  of  Manufacturing 
16555  Saticoy  Street 
Van  Nuys,  California 

Marquardt  Aircraft  Company 
Attn;  Mr,  Gene  Klein 
Manufacturing  Engineer 
Box  670 
Ogden,  Utah 


North  American  Aviation,  Inc, 
Attn:  Mr.  D.  H,  Mason 

Staff  Engineering 
General  Data  Section 
International  Airport 
Los  Angeles  45,  California 

North  American  Aviation,  Inc. 
Attn:  Mr.  Jim  Huffman 

Materials  Engineer 
Inter national  Airport 
Los  Angeles  45,  California 


The  Martin  Company 
Attn:  Chief  Librarian 

Engineering  Library 
Baltimore  3  Maryland 


Northrup  Corporation 

Attn:  Mr.  R.  R.  Nolan,  Vice  President 

1001  £.  Broadway 

Hawthorne,  California 
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Nuclear  Metals,  Inc. 

Attn:  Mr.  A,  Kaufmann 
155  Ma.s.sachusetts  Avenue 
Cambridge  39,  Massachusetts 

Pratt  Whitney  Aircraft  Corporation 
CANEL,  Connecticut  Operations 
Attn:  Mr.  L.  M.  Raring,  Chief 
Metallurgical  and  Chemical  Laboratory 
P.  0.  Box  611 
Middletown,  Connecticut 

Reactive  Metals,  Inc. 

Attn:  Mr.  L.  G.  McCoy 
Government  Contract  Administrator 
Niles,  Ohio 

Repubi ie  Aviation  Corporation 
Attn:  Mr.  Adolph  Kastelowitz, 

Director  of  Manufacturing  Research 
Parmingdale,  Long  Island,  New  York 

Rocket  dyne  Division 

North  American  Aviation  Corporation 

Department  574 

Attn:  Mr.  J.  D.  Hall 

6633  Canoga  Avenue 

Canoga  Park,  California 

Rohr  Aircraft  Corporation 
Attn:  Mr.  Burt  P.  Rayne.s,  Vice  President 
Manufacturing 
P.  O.  Box  878 
Chula  Vista,  California 

Ryan  Aeronautical  Company 
Attn:  Mr.  Lawrence  M.  Limbach 
Vice  President,  Manufacturing 
2701  Harbor  Drive 
San  Diego  12,  California 

Sandia  Corporation 
Sandia  Base 

Attn;  Mr.  Donald  R.  Adolphson 
Section  1621^1 
Albuquerciuc,  New  Mexico 


Sandia  Corporation 
P.  0.  Box  969 
Livermore,  California 

Sikorsky  Aircraft  Division 
United  Aircraft  Corporation 
Attn:  Mr.  Alex  Sperber,  Factory 
Manager 

North  Main  Street 
Stratford,  Connecticut 

Solar  Aircraft  Company 
Attn:  Dr.  A.  G.  Metcalfe, 

Assistant  Director 
Advanced  Research 
2200  Pacific  Highway 
San  Diego  12,  California 

Sperry  Gyroscope  Company 
Division  of  Sperry  Rand  Corporation 
Attn:  Mr.  P,  W,  Trunbull 

Engineering  Librarian 
Great  Neck,  Long  Island,  New  York 

Sylvania  Electric  Products  Corporation 
Attn:  Dr,  Paul  Felton 
Director  of  Research 
Towanda,  Pennsylvania 

Sylvania  Electric  Products  Corporation 
Attn:  Dr.  L.  L.  Seigle,  Manager 
Metallurgical  Laboratory 
P.  0.  Box  59 
Dayside,  New  York 

Temco  Aircraft  Corporation 
Attn;  Mr.  V.  N.  Ferguson 

Manufacturing  Manager 
P,  0.  Box  6191 
Pallas,  Texas 

Thiokol  Chemical  Corporation 
Reaction  Motor  Division 
Attn;  Mr.  W,  P.  Drown,  Manager 
Manufacturing  Engineering 
Contracts  Department  ^  Ford  Road 
Danville,  New  Jersey 


Page  5  -  Distribution  List  -  Contract  AP33(657) -8495 


Thiokol  Chemical  Corporation 
Utah  Division 
Attn:  Patrick  McAllister 
Materials  and  Processes  Section 
Brigham  City,  Utah 

Titanium  Metals  Corporation  of  America 
Attn:  Mr.  Keith  Curry 
Toronto,  Ohio 

Thompson  Ramo  Wooldridge,  Inc. 

Attn:  Dr.  A1  Nemy 

Engineering  Supervisor 
23555  Euclid  Avenue 
Cleveland  17,  Ohio 

University  of  California 
Radiation  Laboratory 
Attn:  Mr.  Duane  C.  Sewall 
P.  0.  Box  808 
Livermore,  California 

University  of  California 
Los  Alamos  Scientific  Laboratory 
P-  0.  Box  1663 
•  Los  Alamos,  New  Mexico 

Wah  Chang  Corporation 
Technical  Library 
P.  0.  Box  366 
Albany,  Oregon 

Westinghouse  Electric  Corporation 
Lamp  Division 
Bloomfield,  New  Jersey 
Attn:  Dr.  R.  H.  Atkinson 

Westinghouse  Laboratories 
Churchill  Boro 
Pittsburgh  35,  Pennsylvania 
Attn:  Dr.  J.  H-  Beehtold, 

Manager  Metallurgy  Department 

Wright  Air  Development  Division 
Attn:  WWRCMP-1 

Wright-Patterson  Air  Force  Base,  Ohio 

Wright  Air  Development  Division 
Attn:  WWRMES-2 
Mr.  1.  E-  Zink 

Wright-Patterson  Air  Force  Base,  Ohio 


Wright  Air  Development  Division 
Attn:  ASD  (ASRCMP-4) 

Wright-Patterson  Air  Force  Base,  Ohio 

Stauffer  Metals  Company 
Attn:  Dr.  Jack  Hum 
1201  South  47th  Street 
Richmond,  California 

University  of  California 
Lawrence  Radiation  Laboratory 
Technical  Information  Division 
P.  O.  Box  808 
Livermore,  California 
Attn:  Clovis  G.  Craig 

Wah  Chang  Corporation 
P.  U,  Box  366 
Albany,  Oregon 
Attn:  Mable  E.  Russell 
Librarian 


